High temperature fatigue crack growth rate (FCGR) tests were performed at elevated temperature (-650°C) under different oxygen partial pressures, PO2, ranging from lo-* mbar to 0.2 bar on one heat of Alloy 718. A sharp transition in the FCGR was observed to take place for a pressure close to IO-3mbar. The FCGR decreases by almost three orders of magnitude when PO2 decreases from about 10-l mbar down to 10-3 mbar and when the material is tested at 650°C under AK-20MPa 6.
Introduction
Alloy 7 18 is a precipitation strengthened nickel-base superalloy widely used in aerospace and nuclear applications under static as well as cyclic conditions at both high(650'C) and medium temperature ranges in agressive environment. Extensive evidence exists in the literature showing that the fatigue as well as the creep crack growth rates under air environment are the results of an agressive effect of oxygen,.(see e.g (l)).The effects of mechanical, microstructural and environment variables on the crack propagation resistance of Alloy 718 have been widely studied.A recent review has been published on this topic. (2, 3) . It is worth mentionning that in the most detrimental conditions ,i.e creep crack growth under air, the crack growth rates can reach values as large as a mm per hour while under vacuum and under the same loading conditions the crack propagates a thousand times slower. It seems Superalloys 718, 625, 706 and Various Derivahves Edited by E.A. Loria The Minerals, Metals&Materials Society, 1994 therefore obvious that increasing the crack propagation resistance of Alloy 7 18 would result in enlarging the application field of this alloy and making easier prediction of crack growth rate behavior under typical service conditions.However,the enhancement of cracking resistance by microstructural and chemical composition modifications suppose that the mechanisms by which embrittlement occurs are well understood.The main objective of the present study is to contribute to a better understanding of the oxidation-assisted crack growth phenomenon encountered in most of the Ni-based superalloys.The approach chosen in the present study is two fold : -Since high crack growth rates can be found during mechanical testing, the study is focussed on early stages of oxidation process.The oxygen partial pressure(P02) is used as the environmental variable so that fatigue crack growth rate measurements have been performed under constant AK and various PO2 at 650°C.
-The second part of this study is devoted to a detailed analysis of the oxides formed on the fracture surface by means of transmission electron microscopy (TEM). Cross sectional thin foils have been observed and analysed in order to characterise the oxidation behavior of the alloy.
Material and exnerimental orocedures
The chemical composition of the alloy investigated in this study is given in table 1. Alloy 718 was received as a wrought bar of 200 mm diameter which was given a solution heat treatment at 105O'C for 1 hour. A conventional heat treatment was given : 955'C during 1 hour, then air cooled down to 720°C for 8 hours and air cooled at SO'Clhour down to 62O'C and maintained 8 hours.The resulting microstructure is shown in figure l.The average grain size has been measured (0 = 150p.m); it corresponds to a large grain material with a very small amount of intergranular 6 phase precipitates.The two strengthening phases y' and y" are homogeneously distributed in the matrix.The volume fraction of precipitates is about lS%.The tensile properties of this material are reported in table 2. For the fatigue tests, CT20 specimens (B=lOmm, W=4Omm) were used.The specimens were fatigue precracked at room temperature with a loading frequency of 50 Hz up to a/w = 0.35 and then precracked at high temperature with a(lOs-300s hold time-1Os)cycle till a/w = 0.40 was reached.The latter part of the precracking was used in order to obtain an intergranular precrack.The maximum a/w value reached during the experiments was equal to 0.7.The crack length was measured by using the potential drop technique.The fatigue testing frame was equipped with a high vacuum chamber. Pressures were measured from 1 bar to 10 mbar with a manometer with a Pirani gauge for pressures ranging between 1O-3 mbar and Smbar and a Bayard-Alpert gauge for lower pressuresA techniquesimilar to that used by other investigators (4) , was developped to prepare cross sectional thin foils located close to the fracture surfaces. TEM investigations were carried out with a 3OOKV microscope equipped with an X.Ray (EDS) spectrometer.The oxides and microstructural variations were identified by using electron diffraction techniques and elemental concentration linescans with a few nanometers probe size. 
Results and discussion
The results presented in this section are part of a more extensive study on creep and fatigue crack growth properties of Alloy 718,see e.g (5) (6) (7) (8) .As far as environmental effects are concerned, the results included in this section are only those in with environment plays an important role. Consequently, the shape and the frequencies of the cycles are chosen so that the coupling between oxidation process and crack tip deformation mode lead to a significant embrittlement of the grain boundaries.
Effect of oxygen partial nressure on fatigue crack growth rate
Fatigue tests were carried out at 650°C, under constant AK and at different PO2. A trapezoidal cycle shape (lOs-300s hold time-10s) was chosen with a load ration, R=O.l. Each measurement of the crack growth rate at a given oxygen partial pressure has been performed after a crack propagation of at least lmm. The results of these tests are reported in figure 2 . K values of 20 MPa ml/2 and 28 MPa.ml/z have been explored.It is worth noting that an abrupt transition in fatigue crack growth rate appears when the oxygen partial pressure is close to 10m3 mbar.Moreover, it is important to notice that for a sligth increase of the pressure from low3 to 10-Z mbar the crack growth rate is multiplied by 2 or 3 orders of magnitude. The first clear demonstration of the effect of PO;! on the fatigue crack growth rate has been reported by Smith et al (9) in the case of 316 stainless steel alloy. Similar effects of PO2 have been observed in other materials, see e.g(lO-14). An adsorption model was then proposed by Achter (15) td explain the observed transitions in terms of impingement rate of oxygen molecules on the freshly exposed metals atoms. This adsorption model predicts that the crack growth rate should increase with partial oxygen pressure until a critical pressure at which the rate of surface coverage equals the rate of surface formation. Several observations reported in the present study cannot be explained by this model. The essential observations are the following : -the crack propagation mode changes from transgranular when PO2 is lower than 10-S mbar to fully intergranular when PO2 is higher than lo-3 mbar.
-the crack growth rate remains insensitive to oxygen partial pressure in the range (10-g mbarlo-3mbar). Another mechanism has therefore to be found to explain the observed transition. Moreover,under similar experimental conditions another transition was found on a rather different Ni-base superalloy which is N18 Alloy (8) .For comparison this transition curve is presented in figure 3 . N18 alloy is a powder metallurgy Ni-base superalloy containing much more strengthening elements as compared to Alloy 7 18. In thi material the volume fraction of y reaches 45% and chromium content of the matrix is close to 25% (weight %). The striking features of the curve shown in figure 3 is that the value of the transition pressure is the same as that found for Alloy 718. Despite of the difference in the amplitude of the transition which is much smaller in the case of N18 Alloy, it seems that oxygen embrittlement phenomena is similar for both materials. Another interesting observation that can be made on figure 2 is related to the shape of the curve. Three domains can be defined : the first one corresponds to pressures lower than the transition pressure. In this part of the curve the crack growth rate is fully controlled by a mechanical damaging process. The second one is located in the pressure range inside of which the crack growth rate increases with the pressure. This means that the kinetic of the oxidaton damaging process controls the crack propagation. This domain is of major interest to investigate the kinetic of embrittlement by oxygen. In the last part of the curve,the crack growth rate doesn't vary very much with pressure.At this stage, the local mechanical behaviour at the crack tip is the rate controlling parameter. From this description a question arises. How does the shape of this curve vary with mechanical testing conditions ? The next section is devoted to this specific point.
Effect of loading freuuency
Two other testing frequencies were chosen. Triangular cycles with frequencies equal to 5 lo-2Hz and 5 lo-1Hz were used. The results of these further tests are given in Fig.4 . These results show that the transition in crack growth rate takes place at the same oxygen partial pressure. This means that the oxygen damaging process is independent of the applied loading conditions, as shown earlier (Fig.2) . Furthermore, at a frequency of 5 10-2Hz a plateau is reached similarly to the situation observed with 10-300-10 cycle. It is worth noting that the crack growth rate corresponding to these two cycles are almost the same provided that they are expressed on a time basis. This strongly suggests that under air environment the crack growth rate behaviour is only time dependent and moreover Kmax dependent. Further tests carried out on N18 Alloy showed that in this domain of oxidation assisted growth the kinetic of crack propagation was not dependent on R ratio but unequally on Kmax (16) . A similar behaviour was noticed in an extensive study dealing with Alloy 7 18 (2,3). Finally the frequency of 5 10.1Hz corresponds to the transition domain in fracture mode between intergranular fracture at lower frequency and transgranular fracture at higher frequency. This produces under atmospheric pressure a mixed mode of fracture. This might explain why a plateau in crack growth rate is not reached. Oxidation.
In a previous study devoted to this topic, a selective oxidation process was identified. The results of A.E.S elemental profiles obtained on Alloy 718 specimens oxidised at 650°C under different oxygen partial pressures are given in figure 5 . It is shown on this series of profiles that under pressures lower than 10m4 Torr (lmbar = 0.75 Torr), the first oxide to be formed is chromium oxide. On the contrary, when the samples are oxidised under pressures higher than 10-Z Torr the first oxide to appear is a Nickel-base oxide. However, these profiles have been obtained on mechanically polished specimens so that the question of their relevancy to the case of an oxidised fracture surface is raised. In order to answer to this point, cross sectional thin foils were made on fracture surfaces and subsequently observed and analysed. For comparison two TEM micrographs are shown in figures 6 and 7. They refer to Alloy 7 18 and Nl8 Alloy which exhibits a transition in the fatigue crack growth rate for similar oxygen partial pressure. The CT specimens used to extract the thin foils were fatigue cracked under air laboratory at 650°C so that the fracture surface was intergranular. The observation of the two micrographs reveals that the oxide scale consists of two separated layers. The grain size of the outer layer is larger than the one of the inner layer. The important thickness of these oxides layers results from long time exposures (several days). Ti) O4 at the metal/oxide interface It is interesting to note that there is no difference between the oxidation behaviour of mechanically polished surfaces and fatigue deformed surfaces, at least under the mechanical loading conditions which were investigated. One of the consequences of the oxidation of Alloy 718 is shown in figure 8 . The dark field imaging shows the disappearing of the hardening precipitates beneath the oxide. This can be explained by the depletion of chromium in the matrix, causing the dissolution of Nis(Ti, Al) and Nig Nb. These chemical changes in the bulk near the oxidised surface lead to a local mechanical softening. Consequently, the mechanical behaviour of this oxidation affected zone is modified. Finally, the agreement between the transition pressure determined during the first part of this study and that presented in figure 5 leads to define as a prerequisite to embrittlement the formation of a Ni-base oxide. The mechanism by which grain boundaries are embrittled is not yet clear. A short distance diffusion of oxygen in the grain boundaries during the early stage of the crack tip oxidation would explain the embrittlement and would agree with the work of Bricknell et al (17) (18) . In any case, the embrittlement is associated to the growth of NiO oxide. Nevertheless, the deformation mode of alloy 718 plays also a fondamental role in the intergranular crack propagation. Measurements of the plastic zone sizes as well as slip traces spacing were made in the plane strain zone of CT specimens of Alloy 718 (19) . It was shown that when intergranular fracture takes place, slip traces are heterogeneously distributed even for high AK values. Thus deformation localization appears as an essential parameter in this problem.
Conclusions
The oxidation mechanisms of Alloy 7 18 in relation with fatigue crack growth properties were studied. It is shown that at 650°C, by varying the oxygen partial pressure in constant AK fatigue loading conditions, a sharp transient in the FCGR is found for Alloy 718 in the range of lo-2mbar. From the transition curve morphology,three domains can be defined : -A low pressure domain (P<10-2 mbar) inside of which the FCGR is independent of the oxygen pressure i.e the crack growth rate is controlled by the mechanical parameters. In this testing conditions, a selective oxidation of chromium has been identified. Furthermore, the fracture path is transgranular.
-A intermediate domain (P>lO-2 mbar) whose extent depends on mechanical variables, in which the FCGR increases with the oxygen pressure. In this part of the curve, the crack growth rate is fully controlled by the oxidation kinetic which corresponds to a Nickel-oxide scale growth. In this case the crack propagates under an intergranular mode.
-At high pressure and low frequency the FCGR reaches a saturation regime and becomes independent of the oxygen pressure. The limiting factor in the crack growth process is the local mechanical response of the material. In this crack propagation regime the crack growth rate is high and the fracture made intergranular. It is worth mentionning that the transition pressure value doesn't depend neither on crack growth rate nor on the mechanical testing conditions, at least for the values which were investigated. It is suggested that as long as environmental effects are concerned, the formation during the early stage of oxidation of a Nickel-oxide instead of Chromia as well as deformation localization in some intense slip bands are responsible of the dramatic environmental effect encountered in this alloy.
